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Abstract
The purpose of this research thesis project was to develop a mechanical testing device
that could enable us to load articular cartilage with a rolling/sliding motion. This novel
device was then used to observe the effect of a rolling motion on the fluid film thickness
of different lubricants (motor oil, synovial fluid and Hyaluronic Acid (HA)) to varying
loads (1kg, 2,kg, 3kg and 4kg) and speeds (10, 25, 48 and 91 mm/s) applied on the
sample fluids for 10 cycles. We were able to examine the effect of different speeds
within each load for each of the fluid that was tested. With higher speeds, the film
thickness of both HA and synovial fluid appeared to decrease, which is an expected
behavior a thixotropic fluid. The motor oil, on the other hand, did not follow this trend
even though it is a thixotropic fluid. As motor oil has a higher viscosity at lower shear
rates, it is possible that the oil being was pushed out of the well containing the sample
instead of flowing around the indenter. This problem could be solved by altering the well
dimensions so that the sample fluid does not overflow or spill. While the device
performed well during calibration, during the actual fluid tests there appeared to be an
artifact in the film thickness reading. When the load was changed the vertically placed
displacement transducer (LVDT) measurements seemed to fluctuate and may have been
do to the LVDT not being firmly held in place. By altering the holder containing the
vertical LVDT this error can be avoided in the future. Thus we were not able to compare
the fluid film thicknesses between the various loads and fluid samples.
1. Introduction
1.1.1 Synovial Joints and Articular Cartilage
Movements in humans are aided by the musculoskeletal system. The range of
motions is facilitated by joints, which are formed by two or more bones in the system.
There are three types of joints, fibrous, cartilaginous and synovial. Fibrous joints,
consisting of a thin connective tissue connecting the ends of adjacent bones, provide
minimal amount of movement. When adjacent articulating bone ends are separated by
a piece of fibrocartilage, a cartilaginous joint is formed. This type of joint provides a
limited range of motion. Synovial joints, on the other hand, provide the largest range
of motion. In these joints, bone ends, which are covered in articular cartilage, move
against one another. Articular cartilage and the synovial fluid secreted from it provide
lubrication for this type of joint (Goldfinger, 1991).
There are three types of cartilage in the human body: fibrous, elastic and articular.
Fibrous cartilage is found in fibrous joints. The purpose of this tissue is to connect
and bear loads. Elastic cartilage is a tissue that provides structural support and can be
found in the ear, epiglottis, larynx and the walls of the auditory tube. Articular
cartilage is present in synovial joints. Its purpose is to lubricate the surfaces of the
bones involved in these joints and also act as a shock absorber (Singh, 2006).
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Articular cartilage is arranged in a zonal manner with five distinct zones. They are
articular surface, superficial tangential zone (STZ), middle zone, deep zone and
calcified zone (Mow, Proctor, & Kelly, 1987).
The human articular cartilage does not have any vascularization indicating there is no
blood flow to this tissue. The only cells that are found in a healthy articular cartilage
are chondrocytes. An organic matrix of collagen type II and proteoglycans make up
the structural component of this tissue. The collagen and proteoglycan matrix help
support the stress distribution when the cartilage is mechanically loaded. The
remainder of the tissue consists of water, inorganic salts, matrix proteins,
glycoproteins and lipids (Mow et al., 1987).
Collagen, which is one of the most commonly found proteins in the human body,
provides structural support in the articular cartilage. The distribution of the collagen
fibers in articular cartilage is inhomogeneous as shown in Figure 1. The collagen
fibers are arranged in such a way that it appears layered with each layer having a
different fiber orientation. In the top most layer, the STZ which is about 10 to 20% of
the total cartilage thickness, thin layers of randomly aligned collagen fibers are
arranged parallel to the articular surface. In the middle zone, which is just below the
STZ and approximately 40 to 60% of the cartilage thickness, the fibers are evenly
distributed in a random pattern. Within this layer the fibers are not as densely packed
as the STZ. Following the middle zone, in the deep zone (approximately 30%
thickness), the fibers are gathered together to form bundles. These fibers cross the
tidemark between the articular cartilage and calcified cartilage to firmly attach the
cartilage to the bone. Even though collagen is well known for its mechanical
properties, its structure does not support compression and cartilage is a tissue that
experiences a lot of compressive forces. Hence, there are several theories that credit
cartilage’s anisotropic mechanical behavior to the collagen arrangement and
orientation in the tissue (Mow et al., 1987).
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Figure	
  1: Distribution of collagen fibers and chondrocytes in articular cartilage (Kheir & Shaw, 2009)
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Proteoglycans (PG) are large protein-polysaccharide molecules that could exist either
as a monomer or an aggregate. The PG monomers, which are about 200nm long, each
have one long protein core with about 150 glycosaminoglycan (GAG) units and
oligosaccharides are covalently attached to it to form a bottle-brush like structure as
shown in Figure 2. In articular cartilage, the two GAGs that can be found are the
chondroitin sulfate and keratan sulfate. The PGs can attach itself to hyaluronic acid
to form a macromolecule. The PG concentration along with water is varied
throughout the cartilage depth. The highest concentration of PG and lowest water
content can be found near the subchondral bone and vice versa near the articular
surface. About 70% of the water content in cartilage is extracellular. This enables the
water to move freely when the cartilage is loaded (Mow et al., 1987).

Figure	
  2:	
  PG aggregate (Newman, 1998)

The method in which the GAGs and PGs interact plays a huge role in maintaining the
structure of the cartilage tissue. At normal pH, the GAGs and PGs dissociate to form
a negatively charged molecule. This causes the various branches to repel and occupy
a larger space within the collagen fiber network. Free moving cations such as sodium
and calcium are attracted to these negative charges and causes swelling. This swelling
is controlled by the tensile property of collagen fibers, which in turn leads to the PG
molecules to occupy only 20% of the free space. When external stress is applied to
the cartilage, fluid is excreted from the tissue and PG concentration increases. The
domain occupied by the PG aggregates now has a higher negative charge. Due to this,
the swelling pressure increases until it reaches equilibrium with the external stress.
This change is also noticed when there is a change in either the pH or the salt
concentration. Hence, the matrix formed by the PG aggregates help maintain the
cartilage structure when compressed which is the common type of stress applied on
articular cartilage (Mow et al., 1987).
1.1.1. Biomechanical Behavior
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When there is motion in the synovial joints, the forces at the surface of the joints
where the cartilage is located can range from zero to multiples of the body weight.
The application of the force is also not homogeneous. Hence, the articular cartilage,
which bears the brunt of the stress due to motion of the joints, is one of the most
heavily loaded tissues in the human body (Mow et al., 1987).
Articular cartilage is often treated as a permeable, porous medium filled with fluid
when studying its biomechanical behavior. The biomechanics of cartilage is usually
studied by separating the tissue into two phases; fluid (made of water and dissolved
salts in cartilage) and solid (consisting of the solid matrix formed by the collagen
fibers and PG aggregates) (Mow et al., 1987).
1.1.1.1. Viscoelastic Behavior of Articular Cartilage
When a material is constantly loaded or deformed, independent of time, and its
response varies (dependent on time), the material is termed viscoelastic. The
response of a viscoelastic material can be generally described by combining the
behavior of a viscous fluid and an elastic solid (Mow et al., 1987).
Viscoelastic behavior can be described by two types of behaviors; creep and stress
relaxation. When a constant load is suddenly or instantaneously applied to a material
and the material deforms instantaneously, rapidly, slowly or not at all at the
beginning but then with time the deformation rate slows down until it reaches an
equilibrium deformation, this behavior is described as creep, shown in graph in
Figure 3. On the other hand if a material undergoes constant deformation but with
time the force required to maintain this deformation is decreasing, this behavior is
described as stress relaxation. The viscoelastic behavior of articular cartilage is
contributed by the movement of interstitial fluid (when compressed) and collagen
fibers and PG aggregates (when in shear). The biphasic viscoelastic behavior of
cartilage is caused by the interstitial fluid and solid matrix of the tissue, both of
which contribute to the viscoelastic material behavior of the tissue (Mow et al.,
1987).
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Figure	
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  Biomechanical	
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  Articular	
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  Ratcliffe,	
  1997)	
  

When a constant compressive load is applied, cartilage deforms rapidly initially.
Following this, the cartilage continues to deform until the rate of deformation slows
down and reaches an equilibrium deformation, as shown in Figure 3. The rapid
deformation is caused when the tissue exudes interstitial fluid under compression.
The exudation rate decreases gradually. The compressive load applied at the tissue
surface is now resisted by the stresses developed within the solid matrix of cartilage
and the frictional drag created by flux of interstitial fluid. The cartilage ceases to
deform when the stress within the solid matrix is sufficient to counter the applied
load. When this stage is reached, fluid flow no longer takes place (Mow et al., 1987).
To further understand the viscoelastic behavior of cartilage, it is important to
understand its response to a stress during a stress relaxation test. To do so cartilage is
first compressed at a constant rate to reach a desired deformation (compression
phase), then this deformation is held constant while the stress required for the strain
is monitored. The stress required for the constant deformation starts to decrease until
it reaches an equilibrium stress. This period is known as the stress relaxation phase.
During the compression phase, fluid exudation takes place mostly from the regions
closer to the articular surface. This causes a sudden increase in the stress required to
create the deformation. As the deformation is held constant, the fluid within the
cartilage starts to redistribute itself. This causes a decrease in stress. Equilibrium is
achieved when the stress within the matrix equals the stress caused by the applied
compressive load, which is the compressive modulus of the material at the given
deformation (Mow et al., 1987).
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The behavior of cartilage when under tension is anisotropic. Cartilage specimens
harvested from mature joints exhibit inhomogeneous tensile properties in a layered
manner. Specimens gathered from superficial region of cartilage were observed to be
stiffer and were better able to withstand tensile load as compared to those collected
from regions near the calcified region (Mow et al., 1987).
When under tension, the cartilage also exhibits viscoelastic behavior. To best
understand the intrinsic response of cartilage to tensile force, the effect of the
biphasic fluid flow must be ignored. When cartilage is tested with a constant lowstrain rate, it is observed that the cartilage gets stiffer with increasing strain. Hence,
the cartilage’s tensile properties can only be described by a tangent modulus, the
modulus of the tangent to the stress-strain curve. The tangent modulus ranges from 3
to 100 MPa and at physiological levels of strain, lower than 15%, the modulus of
cartilage lies between 5 to 10 MPa (Mow et al., 1987).
1.1.1.2. Permeability
Permeability (k) is the ability of a porous material to allow fluid to to move through
it, from one end to the other. On the other hand, porosity (β) is a measure of the void
volume as compared to the total volume of a material. A fluid filled porous medium
can be described as permeable only if the pores in the material are interconnected to
allow fluid flow. The permeability of a material is inversely proportional to the
frictional drag (K) caused by the fluid flow. Thus the permeability of a material can
be described using the equation k= β2/K. Articular cartilage is a highly porous
material but has a low permeability. With different types of applied load, the
permeability of cartilage changes. The permeability decreases exponentially when
the cartilage is increasingly deformed by an applied compressive force, and the
permeability also decreases when the fluid pressure is increased. This indicates that
as the pore size is reduced and frictional drag increases the permeability of the
cartilage decreases. This means with higher loads, the fluid exudation from the tissue
reduces, thus making it stiffer (Mow et al., 1987).
1.1.1.3. Response to Pure Shear
Unlike tensile and compressive forces, the volume and pressure of cartilage tissue
do not change when in pure shear. This indicates that fluid flow within the tissue
does not occur. This property of cartilage enables us to study its intrinsic
mechanical properties. The dynamic shear modulus (𝐺 ∗ ) and phase shift angle (δ)
of cartilage can be calculated using the equations,
𝐺 ∗ = (𝐺′)! + (𝐺")!
and
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,
where G’ is the storage modulus and G” is the loss modulus. Past studies have
shown that the shear modulus and phase angle for cartilage ranges from 1to 3MPa
and 9 to 20° respectively. The findings from these studies conclude that the
intrinsic property of cartilage follows that of quasi-linear viscoelastic theory. The
quasi-linear viscoelastic theory, developed by Y.C.Fung (1981), is used to describe
materials, more specifically biological tissues, which display non-linear
viscoelasticity(Cowin & Doty, 2007).
1.1.1.4. Lubrication
Synovial joints experience a large range of motions and loads. Depending on the
type of motion, the loads on the cartilage in these joints also vary. For such a
heavily loaded tissue, articular cartilage only slightly wears with normal activity.
This is an indication that various lubrication methods are utilized in these joints.
Most of the theories that describe the lubrication method in cartilage involve a
fluid film separating adjacent cartilage surfaces. To further understand the
lubricating mechanisms that the joints employ, basic tribological theories have
been used (Mow et al., 1987).
The two basic lubrication types commonly discussed when relating to cartilage are
boundary and fluid film lubrication. When a single layer of lubricating molecules
that are adsorbed to the bearing surfaces and effectively separate them it is known
as boundary lubrication. Fluid film lubrication is the mechanism by which a thin
film fluid separates the bearing surfaces (Mow et al., 1987).
The effectiveness of boundary lubrication is independent of the mechanical
properties of the adsorbed molecules and the bearing surfaces. Instead, it relies on
the chemical properties of the adsorbed molecules. In cartilage the molecule that
contributes to this lubrication mechanism is lubricin. The bilayer formed by
lubricin between the bearing surfaces is approximately about 1 to 100nm thick.
This bilayer of lubricin has the ability to carry large loads while reducing friction
between the cartilage surfaces (Mow et al., 1987).
Since fluid film lubrication utilizes a thin film of a lubricant, the separation
between the bearing surfaces is larger. Through this method of lubrication, the film
relieves the cartilage of some amount of load by bearing it instead. The film
thickness between the surfaces is less than 20 µm. There are two modes of fluid
film lubrication, hydrodynamic and squeeze-film lubrication. The difference
between these two modes lies in the direction of the movement of the bearing
surfaces. In hydrodynamic lubrication, non-parallel surfaces are moving
tangentially with respect to one another, which causes a converging fluid film to
form. The viscosity of this fluid generates a pressure that enables the fluid to flow
in the space between the bearing surfaces as they move. In contrast, the rigid
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bodies move towards one another perpendicularly during squeeze film lubrication.
As the surface move towards each other, viscosity of the fluid generates a pressure
pushing the fluid out. Hence, a very thin layer of fluid is formed such that the
rough jagged edges of the bearing surfaces are in contact (Mow et al., 1987).
In recent studies, lubrication experiments mostly involve the use of a flat disk
indenter to compress and/or slide against a cartilage surface, known as disk-oncartilage. Using various lubricants, the friction coefficient is then obtained.
Biphasic behavior of the articular cartilage and the material between the cartilage
surfaces, such as adsorbed molecules to the cartilage surface or fluid film
separating the bearing surfaces, has been used as a basis for the studies involving
the disk-on-cartilage model (Katta, Jin, Ingham, & Fisher, 2008; McNary,
Athanasiou, & Reddi, 2012). There have been quite a few variations to these types
of studies. In most cases, the studies involved loading and unloading pattern of the
synovial joints by moving the flat indenter across the sample cartilage surface
(Ateshian, 2009; Shields, Owen, & Wayne, 2009). While the disk-on-cartilage
study is a useful model, its ability to summarize the lubrication mechanism in the
synovial joint is limited to the frictional properties of the material separating the
cartilage surfaces. To fully understand the lubrication mechanism in synovial
joints, it is crucial to factor in the shape of the contact surfaces as well as how
these surfaces move and interact with one another.
1.1.1.5. Wear Of Articular Cartilage
There are various signs and causes of articular cartilage. The most obvious sign of
cartilage wear is when there is a loss of material from the tissue's contact surface.
This occurs due to a multitude of reasons, which includes excessive and abnormal
mechanical loading, trauma, genetic disorders, biochemical change or even a
change in the lubricant composition (Mow et al., 1987).
1.2. Synovial Fluid
Synovial fluid is the lubricant found in synovial joints that aid movement. It is a
dialysate from blood plasma and contains hyularonic acid (HA). Synovial fluid is a
non-Newtonian fluid, which means that its viscosity is dependant on the shear rate.
Its viscosity decreases with shear rate and hence it is a shear thinning or thixotropic
fluid. Being a shear thinning fluid, synovial fluid is viscoelaastic and it behaves like
a viscous fluid at low frequency oscillations (<0.02 Hz) and as an elastic solid at
high frequency oscillations (>0.02 Hz) (Safari, et al.). As a lubriant, the synovial
fluid has wide range of coefficient of friction. However when tested with cartilage, it
proved to be a better lubricant than phosphate buffered saline (PBS)(Katta et al.,
2008).
1.3. Geometry and Motion of Synovial Joints
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When designing a study that would examine the biomechanics of the tissues
involving such a dynamic and active part of the human anatomy, it is crucial to first
understand and take into consideration its geometry and motion. The synovial joint
consists of five different types of shape. Planar, cylindrical, spherical, elliptical and
saddle. Most of these shapes are found in the knee joint, which is a common site for
complaints involving cartilage degeneration. As for the motion, there are only three
basic motions that can be found in these joints. They are translation, spin and swing.
Taking these motions and relating it to articular cartilage, which can be found in these
joints, the motions can then be summed up as sliding, rolling and rotation (Williams
et al., 2010).
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Figure 4: Range and types of motion in a synovial joint (Williams et al., 2010)

1.4. Testing Device
Considering the ongoing studies relating to cartilage and synovial fluid, there has
been much focus on the biochemical influence on the cartilage biomechanics.
However, mechanical loading is also a crucial concern regarding cartilage
degradation. In order to examine the effect of mechanical loading we propose to
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create a testing device that will allow a sample to be tested in loading conditions
similar to that of the synovial joint. The testing device will compromise of a curved
indenter that will have the ability to roll and slide over the sample to replicate two of
the motions that are related to articular cartilage. The device would also enable the
use of a non-flat or smooth sample tissue. This testing device will enable us to gain
closer look at the influence of shape of the contact surfaces and rolling/sliding
motion on the synovial fluid exudation and absorption in the cartilage as well as
articular cartilage’s viscoelastic deformation. Apart from the cartilage deformation,
it is also crucial that we study the effect of the motions mentioned earlier on the
thickness of fluid film as cartilage, under most conditions, is not in direct contact
with the bearing surface. Monitoring the rheology of the synovial fluid and
hyaluronic acid (HA) would enable us to factor in the change in thickness of fluid
film when studying the cartilage deformation.
Keeping in mind that both synovial fluid and HA are viscoelastic and thixotropic,
both the fluids viscosity reduces with a higher shear rate. Since the fluids are less
viscous with a higher shear rate, it would indicate the fluids would more readily flow
around the curved contact surface and hence have a thinner fluid film. However,
factoring in the to and fro motion of the bearing surface as well as its speed, it is less
easier to predict how the fluid film thickness would change. Using this device, we
can examine the change in thickness of fluid film when subjected to a to and fro
motion as well as the impact of a change in load and speed.
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2. Methods
2.1. Device Design
In order to perform a study that replicates the movement of the knee joint and the
squeezing of synovial fluid between the two opposing articulating surfaces, it
was essential to design a testing device that was able to replicate the rolling and
sliding motion. Hence a custom designed device was required for this
experiment. The design had to roll back and forth over the sample with little
friction. It was also supposed to be able to move over a curved piece of cartilage
without exerting excess force from moving across an uneven surface. The device
should have the ability to record the displacement travelled by the indenter across
the sample surface, as well as the deformation of the sample as the indenter
travels
across
the
surface
of
the
cartilage
specimen.

	
  

Figure	
  5:	
  Device	
  Design

Keeping in mind the parameters and conditions required for this experiment
setup, the device was designed as shown in Figure 5. The sample will be fixed on
a vice that will be attached to a container. This is to facilitate the hydration of the
sample with fluids such hyaluronic acid and saline solution, and to prevent any
spillage of fluids on to the workbench. This container with the vice was then
fixed to a platform that moved back and forth in one direction (The movement
was only in the x-axis. The platform did not move in y- and z-directions.) The
stage is automated and controlled by a stepper motor, driver and Motion
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Architect (software to create unique programs to control the motor). The
displacement moved by the stage was monitored using a linear variable
differential transformer (LVDT) that was placed horizontally as shown in Figure
6.

	
  

Figure	
  6:	
  Device	
  with	
  the	
  vertical	
  LVDT

To apply load over the fixed sample, a spherical indenter that can roll freely is
attached to the lower plate with the use of a rod going through the indenter
(Delrin ball) and two pillow blocks with ball bearings. Two rods placed vertically
hold the movable plate with the indenter in place. Linear bearings were added to
the plate where the rods run through. This is to stabilize the plate and prevent any
type of rocking motion while enabling the plate move up and down freely. The
indenter can be restrained from rotating to create sliding motion by replacing the
ball bearing with a stop to prevent the rod from rotating. To aid the indenter's
ability to move up and down freely, the lower plate (with attached pillow block
as shown in Figure 5) is held in place by two parallel vertical rods with linear
bearings. The linear bearings help the plate to move up and down freely. The
displacement travelled by the indenter is recorded with use of another LVDT
placed vertically as shown in Figure 6.
In order to apply approximately the same amount of load on the sample as the
indenter moves across it, a counterbalance system had to be created to offset any
extra force that might be applied. To create this counterbalance system, an extra
plate with an attached pneumatic cylinder was added to the device design. The
pneumatic cylinder was linked to the moving plate to apply force in the opposite
direction to create a more even application of load as the indenter moves over the
sample. Between the pneumatic cylinder and the moving plate a load cell was
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fixed to monitor the load applied by the indenter. A filled air tank provided the
air supply to the pneumatic cylinder and the air pressure in the pneumatic
cylinder was monitored with the use of a pressure transducer.

	
  

Figure	
  7:	
  Side	
  View	
  of	
  the	
  Device	
  -‐	
  To	
  illustrate	
  the	
  position	
  of	
  the	
  horizontal	
  LVDT	
  

The two LVDTs, pressure transducer and the load cell are connected to a
Daytronic signal conditioner which then feeds the signal to the computer. The
signal input into the computer is monitored and recorded using the DOS version
of Labtech Notebook, a data acquisition program. The data was recorded at
100Hz until prompted to stop. The recorded data is then sorted and analyzed
using Excel, SigmaPlot and Matlab.

	
  

Figure	
  8:	
  The	
  four	
  parameters	
  that	
  were	
  recorded	
  during	
  the	
  experiment

2.2. Device Calibration
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Once the device was built, it had to be tested in order to validate it was able to
perform all the necessary functions with accuracy and precision. In order to do
so, various tests were carried out. Before carrying out any tests involving the
moving platform, the reliability of the signal from the various transducers was
tested. To do so, the indenter was rested on the flat shiny surface of a 1-inch
metal gauge block (Mitutoyo, Japan) and the signal from the four transducers
was recorded while the device was stationary, meaning that there was no motion
from any part of the device. The recorded data was then analyzed for any
detectable noise.
Following that, the compliance of the system had to be measured. Using the same
gage block, the indenter was rested on the flat shiny surface of the block. Starting
with a zero load, the force exerted on the sample was increased slowly until the
entire 4.3 kg weight of the upper fixture was resting on the sample. The weight
applied is controlled by the pneumatic cylinder. The test is carried out three times
(triplicate). Each time the displacement from the LVDT was recorded to observe
the amount of deformation from the system with increasing load. This
deformation or test fixture compliance would then have to be included in the
calculation for the sample deformation.
In the next step, the moving platform that holds the sample had to be tested to see
if the computer control program for the controller achieved the desired motion
pattern. To observe this, four different motion programs were used and the
displacement recorded by the horizontal LVDT was analyzed. For this test, the
metal gauge block was once again used as the sample.
After the device had been tested for its ability to perform on flat surfaces, it
needed to be confirmed that a sample with a curved or uneven surface could also
be used with this device, and that the indenter could move across the curved
surface. For this purpose, a polished, stainless steel curved block was used.
Before the indenter was run over the curved sample, the curvature of the path had
to be determined. To find the curvature, the vertical LVDT was inverted and
traced along the path to be taken by the indenter, step-by-step. This creates the
map of the curvature. Placing the LVDT back in its original place, the indenter is
moived over the curved surface along the same path used to trace the curvature.
The load applied on the surface while the indenter rolled over the surface was
about 1.8 kg. The readings from this rolling test was plotted together with the
step-by-step profile to see if both plotted curves give a similar displacement
profile.

2.3. Experiment To Identify The Effect Of A Rolling Indenter On Various Fluids
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The device, apart from enabling the study biological tissues such as cartilage,
also enabled us to study the effect of a rolling spherical indenter on fluids that are
commonly used as lubricants. Hence using this device, we studied the effect of
the rolling indenter on the fluid film thickness of motor oil, hyaluronate (HA)
(Supartz, molecular weight 620 – 1,170 kDa (Curran, 2010)), and mature bovine
synovial fluid.
Four different speeds were programmed to run for this experiments. The device
was set to run at speeds of 10, 25, 48 and 91 mm/s for 10 cycles. Before each
experiment was performed for each of the various fluids, the metal gage block
was used as a sample, and run with the four different speeds and four different
weights (1, 2, 3 and 4 kg). Hence producing 16 different dry run data sets as the
baseline control. Following this the gage block was taped with cellophane tape to
produce a well with approximately 1 cm depth and ability to hold about 1 ml of
fluid. In this well, the sample fluid was placed and tested using the same four
speeds and four weight combinations. Hence for each fluid, there were 16 data
sets for the dry run and 16 sets for the sample fluid run. For each sample run, the
fluid well was replenished. Before starting the program for each of the sample
runs, the indenter was allowed to sink into the fluid for about 10 sec while the
data acquisition program was running.
The loads were selected based on the contact stress between the indenter (Delrin
ball) and the stainless steel surface of the gage block (Table 1). The average
contact stress on cartilage could vary from 2kPa to 16MPa (Lizhang, Fisher, Jin,
Burton, & Williams, 2011; Recnik et al., 2007). The sliding speeds of cartilage
could vary anywhere from 0 to 0.3m/s (Morrell, Hodge, Krebs, & Mann, 2005).
However, due to the limitations of the stepper motor used with our device, the
maximum speed for the experiments was set at 91mm/s.
Table	
  1:	
  Hertzian	
  contact	
  stresses,	
  area	
  and	
  deformation	
  of	
  ball	
  (Delrin)	
  on	
  rigid	
  flat	
  plane	
  (stainless	
  
steel).	
  

Applied
Load, kg
1
2
3
4

Contact area Ball deformation, Maximum
radius, um
um
Stress, kPa
14.1
1.6
1.6
17.7
2.5
3.2
20.3
3.2
4.8
22.3
3.9
6.4

Average
Stress, kPa
1.1
2.1
3.2
4.3

Stainless steel plate: E = 200 GPa (assumed rigid)
Poisson’s ratio = 0.3
Delrin ball (25.4 mm dia): E = 3 GPa
Poisson’s ratio = 0.35
After gathering the experimental results, the data from each of the runs, the dry
and sample fluids, were separated according to the cycle number and
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displacement direction or the back and forth motion of each cycle. The data from
the 4th, 5th, 6th, 7th and 8th cycles (back and forth) were mapped and curve
fitted using Matlab. This was done for both the dry and sample runs. The
corresponding equations for the curve fitted dry and sample run graphs were
matched and the difference in the amplitude of the graphs (fluid minus dry)
indicated the fluid film thickness.
The resulting fluid film thickness data for the various fluid samples at different
speeds and weight were analyzed and compared.
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3. Results
3.1. Device Calibration
The data gathered when the device stage was static is displayed in Table 1. The
mean, median, standard deviation and standard error was calculated for the set of
data gathered when there was no movement in the device. The load, pressure and
the positions for both the LVDTs were randomly set. The mean load was 1.5669
kg. The standard deviation for the load was ±0.0136 kg with a standard error of
9.7166e-4 kg. The mean air pressure was 96.64 kPa (14.0160 psi). The standard
deviation for pressure was ± 0.646 kPa (0.0937 psi) with a standard error of
0.046 kPa (6.6777e-3) psi The standard deviation for the horizontal LVDT was
0.0961 mm with a standard error of 6.8465e-3 mm. The standard deviation for the
vertical LVDT was 0.0120 mm with a standard error of 8.5587e-4 mm.
Parameters
Load
Pressure
Horizontal LVDT Vertical LVDT
(kg)
(psi)
(mm)
(mm)
Mean
1.5669
14.0160
21.3609
2.0135
Median
1.5728
14.0008
21.3958
2.0144
Std. Deviation
0.0136
0.0937
0.0961
0.0120
Std. Error
9.7166e- 6.6776e-3
6.8465e-3
8.5587e-4
4
95%Confidence
1.9163e- 0.0132
0.0135
1.6879e-3
Interval
3
99%
Confidence 2.5276e- 0.0174
0.0178
2.2264e-3
Interval
3
Size
197.0000 197.0000
197.0000
197.0000
Total
308.6840 2761.1614
4208.1048
396.6595
Minimum
1.4700
13.3383
20.7324
1.8757
Maximum
1.5949
14.1488
21.5438
2.0216
Table 2: Results obtained when device was not running

	
  
Data was collected when loading and unloading a metal gauge block to identify how the
device as a whole “deforms” with increasing load. This deformation was then be removed
from all the tests to allow us to study only the effect of the load on the sample. Figure 9
illustrates one such compliance test where the sample was loaded and unloaded with
varying weights. As shown in the graph, a linear pattern could be observed for loads
above 1 kg. For loads below 1 kg, a fixed pattern could not be identified. This was
observed in all the three compliance tests that were carried out. Hence, the linear equation
for the region, where there was an identifiable pattern, was averaged over the three tests.
The resulting equation was then used to deduct the deformation of the device
corresponding to the applied load.
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Figure 9: Plot indicating the change in displacement with load over a stainless steel sample.

The device was then allowed to run at 20 mm/s and 80mm/s at 14 psi and 39 psi for each
speed. This enabled us to monitor if the device was able to move while there was a load
applied on a sample. The resultant load was the final load placed on the sample. The
mean resultant load was 1.2064 kg when the load was set to about 1.74 kg. The standard
deviation for the resultant load was ±0.0352 kg with a standard error of 1.7667e-3 kg.
Parameters

Load (kg)

Mean
Median
Std. Deviation
Std. Error
95%Confidence
Interval
99% Confidence
Interval
Size
Total
Minimum
Maximum

1.7471
1.7418
0.0305
1.5307e-3
3.0094e-3
0.00396 (≅
4gms)
398.0000
695.3613
1.6464
1.8741

Load from
pressure
(kg)
1.6984
1.7004
0.0168
8.4230e-4
1.6560e-3

Horizontal
LVDT (mm)

Resultant
Load (kg)

0.0367
0.0740
8.4230
0.4222
0.8301

Vertical
LVDT
(mm)
0.0338
0.0365
0.0177
8.8727e-4
1.7444e-3

2.1803e-3

1.0929

2.2967e-3

4.5729e-3

398.0000
675.9804
1.5636
1.7945

398.0000
14.6008
-13.4283
12.2467

398.0000
13.4511
-0.1460
0.0876

398.0000
480.1543
1.0689
1.3319

Table 3: Results from the data when device was run at 20mms-1 and 14psi

1.2064
1.2110
0.0352
1.7667e-3
3.4733e-3

The device’s ability to use the indenter over a curved surface was tested by comparing
the profile of the surface to the displacement recorded by the LVDT when using the
indenter. As shown in Figure 10, the green curve in the plot indicates the displacement
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obtained for the experiment using the indenter while the black curve in the plot indicates
the profile of the surface. Since the LVDT was inverted to obtain the profile of the
surface, the distance difference from the maximum point for the profile was compared
with the distance difference from the minimum point for the test with indenter. Both the
curves appear to overlap with a little variability at either ends of the sample.

Figure 10: Graph comparing the results for a curved surface sample and its profile.

3.2. Results From Using Fluid Samples
The fluid thickness of the motor oil when subjected to the different loads at
different velocities varied. At lower velocities there was more variability in the
fluid thickness between the different loads. However, at higher velocity the
thickness of the oil film seems to be more or less the same amongst the four
different loads (Figures 11 and 12). A similar trend is also noted when comparing
the results from the different velocities for each load (Figures 13 and 14). With a
higher load, the velocity does not seem to vary the oil film thickness. However,
with lower load, there appears to be more variability in the film thickness.
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Figure 11: Graphs of load comparison for 10mm/s and 25mm/s velocities when motor oil is used as sample fluid

Figure 12: Graphs of load comparison for 48mm/s and 91mm/s velocities when motor oil is used as sample fluid

Figure 13: Graphs of speed comparison for 1kg and 2kg loads when motor oil is used as sample fluid
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Figure 14: Graphs of speed comparison for 3kg and 4kg loads when motor oil is used as sample fluid

As with the motor oil, the variability in fluid thickness for HA and Supartz is reduced
with increasing speeds (Figures 15 and 16). However, there does not seem to be a similar
response to the oil with increasing loads (Figures 17 and 18). The tests that run with a
load of 3 kg seemed to have the least differences in the fluid film thickness. When
examined closely, the differences with the various loads are only noticeable at the ends of
the sample. The film thickness for all the loads at the center of the sample length seems to
be the same for the different velocities.

Figure 15: Graphs of load comparison for 10mm/s and 25mm/s velocities when Supartz is used as sample fluid
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Figure 16: Graphs of load comparison for 48mm/s and 91mm/s velocities when Supartz is used as sample fluid

Figure 17: Graphs of speed comparison for 1kg and 2kg loads when Supartz is used as sample fluid

Figure 18: Graphs of speed comparison for 3kg and 4kg loads when Supartz is used as sample fluid
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As shown in Figures 19 and 20, the fluid thickness for bovine Synovial fluid appears to
follow a similar pattern in all the four velocities that were tested. With an increased load
(3kg and 4kg), the fluid film thickness appears to be thinner and less varied while with
lower weights the film is noticeably thicker than with heavier weights. Figures 21 and 22
show that at 2kg, there was little difference in the film thickness with varying speeds.
However, at 3kg, the variance appears to be the most obvious.

Figure 19: Graphs of load comparison for 10mm/s and 25mm/s velocities when bovine synovial fluid is used as
sample fluid

Figure 20: Graphs of load comparison for 48mm/s and 91mm/s velocities when bovine synovial fluid is used as
sample fluid
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Figure 21: Graphs of speed comparison for 1kg and 2kg loads when bovine synovial fluid is used as sample fluid

Figure 22: Graphs of speed comparison for 3kg and 4kg loads when bovine synovial fluid is used as sample fluid
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4. Discussion
4.1. Device Calibration
The purpose of the device calibration was to check for any crucial faults with the
machine that could lead to errors in the load and displacement readings when
using the device for an experiment. The horizontal LVDT used in this experiment
had a non-linearity of about ±0.25% (≈0.0075 inch or 0.1905mm) for a full
stroke of 76.2 mm. As shown in Table 1, the standard error for the horizontal
LVDT falls well below this range. The vertical LVDT had a similar non-linearity
of ±0.5% (≈0.001 inch or 0.0254mm) for a full stroke of 5.08 mm. This indicates
that the LVDTs used for this device were performing as specified by the
manufacturer. The load cell used in this experiment had a non-linearity of 0.1%
of 2mV/V (≈0.02lbs or 0.00907kg) for a full load of 11.3398 kg. The standard
error for the load cell used in our experimental setup was below this. Hence we
could confirm that the LVDTs and the load cell, which are crucial for the
deduction of the experiment results were performing as expected.
Before testing the device’s compliance was measured. There was a linear
relationship between the applied load placed on the stainless steel sample and the
device deformation as observed from the vertical LVDT. This could be attributed
to the deformation in the device’s components, including the load cell, indenter
and the rod holding it. However as shown in Figure 9, there was a non-linear
trend observed when the load dropped below 1kg, and this was consistent with
other trials as well. This non-linear deformation could be attributed to any loose
components, such as the spacing in the pillow block bearings or the links used to
connect the moving plate to the air cylinder, which might need a small load to
straighten it. Hence, 1 kg was noted to be the minimum load that could be used
with this device for any of the experiments.
When tested for the ability to maintain a constant load while using the motion
program, the device was able to do so. The standard error for the load cell when
in motion was slightly higher than at rest. However, it still falls below the error
margin set by the manufacturer. Hence, we could safely assume that the device
able to maintain an approximately constant load. Apart from maintaining a
constant load, the device is also expected to move over curve surface smoothly
under a given load. By matching the displacement recorded by the vertical LVDT
with the curvature of the sample surface, we were able to verify this ability.
During our tests conducted for calibration, our device was able to perform
smoothly and according to our expectations.
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4.2. Fluid film thickness
In our tests using oil as the control and HA and synovial fluid as the test samples,
we made some interesting observations. When oil was used as the sample fluid,
the readings at lower speeds were more spread apart and the lower weights
appeared to have a lower film thickness while the heaviest load, 4 kg, had the
thickest fluid layer. This is not a behavior we would assume in a viscous fluid
such as motor oil. However, motor oil is non-Newtonian as its viscosity changes
with temperature and shear rate. It is also often classified as thixotropic whereby
the fluid is less viscous with higher shear rate. With a lower weight the oil could
possibly not flow around the indenter to occupy the position the indenter just left
as it is rolling. Instead it gets pushed out of the well holding the fluid. Hence with
lower weights and velocities, more fluid gets pushed out of the well as compared
to the higher weights and velocities. This is supported by the graph displaying
the fluid thickness at 91 mms-1 whereby with higher shear rates in all four tests
with different loads had similar fluid film thickness.
As for the experiment with HA, the results consistently gave a negative result
indicating that somehow the LVDT measuring the vertical displacement might
have shifted. Hence, instead of disregarding the results we included them, but
only for the general trend observed among the various speeds and loads will be
considered. At lower speeds, the1 kg tests appeared to have a thicker fluid layer
than the other weights while at higher speeds the difference in thickness did not
stand out as much. This indicates one of the thixotropic properties. Unlike the
motor oil, in which the viscosity was higher, the fluid was not pushed out as
much and the fluid was able to move around the indenter and not deform much
when there was lower shear rate.
When testing the bovine synovial fluid, the values for the 1 kg and 2 kg were
once again in the negative. This could have occurred due to the vertical LVDT
shifting. Hence, we will only consider the trend noticed amongst the different
graphs instead of comparing the exact fluid thickness. The fluid film thickness
appeared to be thinner with higher velocities. Since higher velocity would
indicate a higher shear rate, this would be expected as synovial fluid, due to the
presence of HA, is thixotropic.
Further effects of rolling over a biological sample could be studied upon further
modifications on the device. One of the huge concerns noted while conducting
the experiments with fluid samples was that the vertical LVDT shifts. This could
be caused by the moving plate, which contributes to the load applied, when
allowed to drop onto the sample. To avoid this, the holder of the LVDT could be
modified to prevent the LVDT from sliding down. Another concern that
prevented us from gaining a closer look at the effect of rolling on fluid film layer
is that the well holding the sample should be modified to prevent any spillage.
With the above mentioned design modifications, the device should be able to
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improve its accuracy in recording the effects of rolling motion over a fluid or
biological tissue.
Apart from the modifications mentioned above it would also be useful to study
the surface interaction between the contact surfaces as it might affect the
deformation on the sample, especially fluids. For example, the wettability of the
biological fluids on the indenter surface as well as the polarity of the materials
could have been plausible causes for the reduced spillage observed in the HA and
synovial fluid tests. Hence it might be of a certain advantage when considering
the types of samples selected and modifying the indenter material to factor in the
effect of surface interactions.
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5. Conclusions
The purpose of this study was to develop a testing device that could enable us to study
the biomechanical behavior of cartilage subjected to the type of loading found in synovial
joints. We also set out to find the effect of a rolling motion on the thickness of the fluid
film using our novel device by varying the loads and speeds applied on the sample fluids;
motor oil, synovial fluid and HA. When calibrating, the device was able to function well
with loads over 1kg. However, when the fluid samples were used to observe the film
thickness, the readings measured by the vertically placed LVDT fluctuated between
negative and positive. This was an indication that the LVDT did not seem to be firmly
held in place as this was only noticed between load change. With minor changes to the
device such errors can be avoided in the future. We did not do a comparison between the
various loads and fluid samples for the film thickness experiments due to the LVDT
reading fluctuations. However, we managed to look at the effect of different speeds with
each load that was tested. With higher speeds, the film thickness of both HA and synovial
fluid seemed to reduce, as expected of thixotropic fluids. However the motor oil did not
seem to follow this trend even though it is also thixotropic. This could be explained by
the fact that due to a higher viscosity at lower shear rates, the fluid was pushed out of the
well containing the sample rather than flow around the indenter. To address this issue, we
could
modify
the
well
design
that
will
help
avoid
spillage.
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